Pannabecker TL. Comparative physiology and architecture associated with the mammalian urine concentrating mechanism: role of inner medullary water and urea transport pathways in the rodent medulla. Am J Physiol Regul Integr Comp Physiol 304: R488 -R503, 2013. First published January 30, 2013 doi:10.1152/ajpregu.00456.2012.-Comparative studies of renal structure and function have potential to provide insights into the urine-concentrating mechanism of the mammalian kidney. This review focuses on the tubular transport pathways for water and urea that play key roles in fluid and solute movements between various compartments of the rodent renal inner medulla. Information on aquaporin water channel and urea transporter expression has increased our understanding of functional segmentation of medullary thin limbs of Henle's loops, collecting ducts, and vasa recta. A more complete understanding of membrane transporters and medullary architecture has identified new and potentially significant interactions between these structures and the interstitium. These interactions are now being introduced into our concept of how the inner medullary urine-concentrating mechanism works. A variety of regulatory pathways lead directly or indirectly to variable patterns of fluid and solute movements among the interstitial and tissue compartments. Animals with the ability to produce highly concentrated urine, such as desert species, are considered to exemplify tubular structure and function that optimize urine concentration. These species may provide unique insights into the urine-concentrating process.
1 desert rodent; renal anatomy; aquaporin; loop of Henle; collecting duct MOST MAMMALS produce a concentrated urine, a process that lies at the core of the kidney's role in fluid and solute homeostasis. But, despite decades of research, the production of a corticomedullary osmotic gradient, much of which apparently is built up in the absence of active transport and which underlies the concentrating process, remains largely unexplained. Important recent advances have arisen following the molecular cloning of fluid and solute transporters and channels during the past 20 years. These advances have led to more complete understanding of segmental heterogeneity of fluid and solute transporter and channel expression as well as functional heterogeneity in loops of Henle, collecting ducts (CDs), and blood vessels of the renal medulla. Identification of these transporters and channels has also led to new experimental paradigms for investigating the urine-concentrating mechanism (UCM). Genetically modified animals and cells are providing important and unique insights into transepithelial tubular and vascular fluid and solute flows that are critical for producing the corticomedullary osmotic gradient. This new information has markedly influenced how we perceive the UCM could work. This review surveys water and urea transport pathways of rodent renal medullary nephrons and blood vessels that play key roles in the UCM and considers contributions from comparative studies with emphasis on desert species. has been widely accepted for the outer medulla where active NaCl reabsorption occurs (13, 119) . However, countercurrent flow coupled with active solute reabsorption does not explain the concentrating process in the inner medulla, where the steepest corticomedullary osmotic gradient is generated. The ascending thin limbs (ATLs) of the inner medulla, although essentially impermeable to water (16, 43, 154) , have no significant active transepithelial transport of NaCl or of any other solute (43, 44, 91, 92) . A number of theories have been developed to explain how passive transport in nephrons could produce the inner medullary osmotic gradient, the dominant theory being the passive mechanism hypothesis.
Passive mechanism hypothesis. Present understanding of the mechanism by which the corticomedullary osmotic gradient is generated is encapsulated in the widely accepted passive mechanism hypothesis of Kokko and Rector (63) , and Stephenson (136) . This passive model assumes the inner medullary interstitium has a much higher urea concentration than NaCl, and that fluid in Henle's loops has a much higher NaCl concentration than urea. If the ATL has a sufficiently high NaCl permeability and a sufficiently low urea permeability, then relatively high amounts of NaCl will diffuse passively from the ATL lumen into the interstitium and relatively small amounts of urea will diffuse from the interstitium into the ATL lumen ( Fig. 1) . If concentration differences can be sustained, the interstitial fluid becomes concentrated while the ATL luminal fluid becomes diluted. The passive hypothesis assumes that these concentration differences are sustained by continuous diffusion of urea into the interstitium from the CD lumen (now known to occur via the urea transporters UT-A1 and UT-A3) and by continuous flow from the descending thin limbs (DTL) into the ATL of tubular fluid having a high NaCl concentration. This delivery has been thought to depend on sufficiently low NaCl and urea permeabilities in the DTL and minimal dissipation of transepithelial concentration gradients along the course of the DTL. We now know that water reabsorption, by way of AQP1 in the DTL, plays a key role in concentrating luminal solutes. As long as water and urea are continually reabsorbed from the CDs [via aquaporin-2 isoform (AQP2), UTA1, and UTA3, respectively], the interstitial urea concentration will remain sufficiently high and the interstitial Na concentration sufficiently low to sustain the concentration gradients that will permit urea secretion into and Na reabsorption from the ATL. The vasa recta are considered to function in the medulla as countercurrent exchangers to delay or prevent the washout of NaCl and urea and prevent the excess accumulation of water during the urine-concentrating process (101) . Accordingly, the vasa recta play a critical role in removing fluids from the medulla while simultaneously participating in retention of solutes within the medulla.
While the Kokko and Rector and Stephenson passive model represents a useful working model, there are some inconsistencies in biological studies that suggest the model is not correct. Notably, Fenton et al. demonstrated that with knockout of the UTA1/3 urea transporters from the mouse CD, inner medullary NaCl accumulation could still occur within the inner medulla despite the absence of a substantial urea concentration (reviewed in reference 26). If there is a complete disconnect between urea flow and production of a NaCl gradient, then the urea and NaCl separation/mixing tenet of the Kokko and Rector and Stephenson passive model may be incorrect.
Alternative hypotheses. Other theories that attempt to explain the UCM have been proposed. One of these is a model proposing that an unidentified solute, such as lactate, may play a key role in the concentrating mechanism (37, 50, 141) . Another theory relates to the pelvic wall peristaltic contractions that markedly impact tubular and vascular luminal flow dynamics in the medulla. Schmidt-Nielsen and colleagues (116, 117, (125) (126) (127) have proposed that these flow dynamics may produce a urine-concentrating effect. Knepper and colleagues (61) proposed that the glycosaminoglycan hyaluronan may serve to mechanically transduce the impact of pelvic wall contractions onto tubular and vascular structures throughout the medulla, and in so doing, influence tubular and vascular fluid flows and the concentrating mechanism.
A more complete understanding of medullary structure and function has led to improved and more refined mathematical models of the UCM (71-73, 142, 151, 152) . However, no mathematical model of the UCM simulates production of a corticomedullary osmotic gradient reaching values measured in the antidiuretic rat. Further understanding of the free energy requirements for generating concentrated urine can be gained with an online tool that permits insertion of user-defined values for model parameters (147) .
Axial and Lateral Subdivisions of the Renal Medulla
Considerable attention has been placed on understanding the patterned organization of medullary tubules and vessels and their geometrical relationships to each other. The proximity of one structure to another and the expression of segment-specific cell membrane transport pathways influence both axial flows as well as highly organized lateral flows of fluid and solutes that occur between tubules and vessels.These flows are critical for understanding solute exchange, cycling, and sequestration patterns related to the UCM (60, 72, 76, 80, 109, 142, 149) , as well as for understanding medullary and renal function more generally. Axial zonation and lateral regionalization of the medulla arising from the geometrical relationships found in the rat, mouse, hamster, chinchilla, kangaroo rat, and others, where noted, are summarized in this section. The sand rat Psamommys produces a high urine osmolality, but this species differs from others in that NaCl, rather than urea, is the dominant osmolyte in the inner medulla. The UCM of Psamommys may therefore have fundamental differences from those species where urea is the dominant osmolyte.
Zonal and regional designations are based on architecture of loops of Henle, CDs, and blood vessels. The outer medulla of most rodents clearly consists of two defined zones in the axial dimension (the outer stripe and the inner stripe) and two regions in the lateral dimension (the vascular bundle and the interbundle regions). A schematic diagram of the inner stripe and upper inner medulla and the nephron and blood vessel segments that are associated with each region is shown in Fig. 2 . The inner medullas of the Munich-Wistar rat and kangaroo rat have been shown to consist of two axial zones (an outer zone and inner zone) and two lateral regions (the intracluster and intercluster regions) (48, 110, 144) . Similar subdivisions likely occur in other rodents (2, 4, 5, 17, 49, 65, 79) . Structural characteristics of the outer and inner medullary zones and regions have been summarized in several reviews (80, 104, 109) .
Subdivisions of the outer medulla. In transverse sections of the outer medulla, the vascular bundle can be viewed as a central feature around which other segments are arranged in an organized fashion (80) (Figs. 2 and 3 ). This is true for both the outer stripe, where straight proximal tubule segments make the most abundant contribution in terms of tissue mass, and for the inner stripe, where the thick ascending limbs are the dominant tissue. The vascular bundles contain descending and ascending vasa recta (DVR and AVR), and, in the inner stripe of most rodents, short-loop DTLs (Fig. 3) . The DVR and AVR within these bundles undergo little or no branching.
Thus the inner stripe consists of many vascular bundles running parallel to each other along the corticopapillary axis, and each bundle consists of vessels carrying countercurrent flows. The vascular bundles are separated from each other in the lateral dimension by interbundle regions (4, 65) . The interbundle region contains DTLs of long loops of Henle, thick ascending limbs of the loops of Henle, CDs, and interconnecting capillaries (Figs. 2 and 3) .
Upon entering the inner stripe, DTLs of short-loop nephrons of the rat approach the vascular bundle and then descend alongside the perimeter of the bundle (65, 68) . In the mouse, DTLs of short-loop nephrons approach and then enter the vascular bundle, whereupon they continue their descent within the bundle. The close proximity between the DTLs of shortloop nephrons and the DVR and AVR that is brought about by this repositioning within the inner stripe is considered to serve as a significant functional adaptation that contributes to the relatively high urine-concentrating ability of rodents (4, 60, 80, 148) . The outer medullary vascular bundles are arranged with the shortest DVR (those destined for the outer medulla) positioned at the periphery of the bundle. DVR destined to terminate in the inner medulla lie near to the central core of the bundle. Thus outer medullary vessels peel off from the bundle at all intervals in their progressive descent and feed into capillary plexuses, with the longest DVR remaining within the bundle at the outer medullary-inner medullary boundary. These long DVR continue to descend through the outer inner medulla, still arranged within loosely organized vascular bundles through approximately the initial third, and as they descend, the vessels begin to fan out from each other (65, 94, 156) .
Subdivisions of the inner medulla. In the inner medulla, the CDs coalesce as they descend the corticopapillary axis. In the rat, about 7,300 CDs enter into the inner medulla and coalesce into about 6 -13 CDs at the tip of the papilla, where they form the ducts of Bellini. The CDs form distinct clusters, which can be viewed as the central organizing feature of the initial two-thirds of the inner medulla. CD clusters define two lateral regions. These two regions have been termed the intracluster and the intercluster regions (48, 110, 144) (Fig. 4) . The "intracluster" region includes the area encompassed by a group of coalescing CDs, and the "intercluster" region includes the area that separates adjacent CD clusters. These two lateral regions are very distinct in the initial two-thirds of the inner medulla but become less distinct in the terminal third. Distinguishing features of the intracluster region are the four or more symmetrically arranged capillaries that abut and run alongside every CD in the corticopapillary direction (Fig. 5) . DTLs consist of an upper AQP1-positive segment followed by a lower segment that expresses undetectable AQP1 (this segmentation is discussed in Segmentation of Medullary Nephrons and Blood Vessels). In the transverse dimension, inner medullary AQP1-positive DTLs of the Munich-Wistar rat have been shown quantitatively to be distributed nonuniformly, whereas ATLs are distributed in a much more uniform pattern (108) . DTLs and ATLs of the kangaroo rat are distributed in a similar fashion (Fig. 6 ). Three-dimensional reconstructions of rat and kangaroo rat inner medulla, produced from serial sections as in Fig. 4 , have shown that the AQP1-positive DTLs lie outside CD clusters in the intercluster region. AQP1-positive DTLs are therefore anatomically separated from CDs, lying in a spatially distinct compartment (Fig. 2) . Each AQP1-negative segment makes a gradual move toward the intracluster region, with the terminal DTL (the prebend segment) and the bend abutting CDs. The prebend and bend therefore lie within the intracluster region. The lower segment of each ATL, just after the bend, lies within the intracluster region and then gradually moves out toward the intercluster region (150) . Because loops form bends at all axial levels, ATLs are distributed almost uniformly at all levels in transverse sections. Architecture of the mouse inner medulla has been shown to resemble that of the rat and kangaroo rat (158) , including the positioning of AQP1-positive DTLs within the intercluster region (T. L. Pannabecker, unpublished observations).
In the inner medulla of the Munich-Wistar rat and kangaroo rat, an outer zone consisting of the initial two-thirds of the IM and an inner zone consisting of the terminal third can be distinguished. Comparable zonation occurs in the hamster, mouse, Psammomys, and chinchilla. Distinct CD clusters dominate the architecture of the outer zone, with clusters much less apparent in the inner zone. Types 2 and 3 long-loop DTLs are apparent in the outer zone, with predominantly type 3 DTLs in the inner zone. A greater proportion of fenestrated over nonfenestrated vessels in the inner zone has been reported for Munich-Wistar rat and kangaroo rat (48, 55, 106, 107, 156) (T. L. Pannabecker, unpublished) . A large fraction of loops exhibit substantial transverse-running segments at loop bends, lying in close association with the very large diameter CDs that exist at the papilla tip, has been reported only for the MunichWistar rat (106, 109) . NaCl reabsorption from these transverserunning segments could amplify salt build-up within the papilla tip, with consequent amplification of water reabsorption from the CDs in this terminal zone. The unique papillary loop of Henle segment in the chinchilla (17) and a comparable segment hypothesized to exist in Psammomys obesis lie in the inner zone (7, 17) . Transverse-running loop bends of the rat terminal papilla and the unique papillary loop of the chinchilla lie in a region that is not frequently investigated, and possibly these segment types are more common among other species than the literature would indicate.
Segmentation of Medullary Nephrons and Blood Vessels
Loops of Henle. Medullary nephrons are categorized into two types determined by the depths at which the loops of Henle form their bends. These two types are the short-loop nephrons, which, in most mammalian species, form their bends in the outer medulla, and the long-loop nephrons, which form their bends in the inner medulla (Fig. 7) . In the most highly concentrating species, the number of short loops is always greater than the number of long loops (65) . The ratio of short-loop nephrons to long-loop nephrons is about 82:18 in mice (67, 158) , 70:30 in rats (133) , and 66:34 in Psammomys (52).
Short-loop nephrons have a thin descending segment, whereas their ascending segment consists only of the thick ascending limb of the loop of Henle. The bends of the short loops of most species lie at approximately the same axial level of the inner stripe, at the outer medullary-inner medullary boundary. Long-loop nephrons have a thin descending segment and, in the inner medulla, a thin ascending segment, the latter becoming the thick ascending limb at the outer medullary-inner medullary boundary. The bends of long loops form at all levels of the inner medulla in a cascading fashion (Fig. 7) . As a result, the number of loops at progressively deeper transverse levels declines in number; this decline can be fit to an exponential rate (59, 78, 110) . About 1,500 of the 10,000 long loops entering the inner medulla of rat kidney reach the second half of the inner medulla, and only about 250 reach the terminal 1 mm of the papilla (65) . The decreasing loop population as a function of inner medullary depth is considered to contribute to urine hypertonicity (78) .
The ultrastructural characteristics of cells of thin limbs of the loop of Henle have been reviewed in detail (2, 17, 49, 53, 65, 129, 130, 158) . Short-loop DTLs consist of a single segment, the type 1 segment. The long-loop DTLs of most species that have been studied (rat, chinchilla, mouse, kangaroo rat, Psammomys, rabbit, hamster) are known to consist of two morphologically distinct segments (53) . These two segments are designated as the type 2 segment (DTL upper ), for those descending segments lying in the inner stripe and outer inner medulla, and the type 3 segment (DTL lower ), for those segments lying in the innermost region of the inner medulla. The type 3 segment continues almost to the bend of the loop of Henle for all species studied, except for the chinchilla. Most long DTLs in the outer half of the inner stripe consist of type 2 epithelia; however, a clearly heterogeneous and species-specific distribution of types 2 and 3 DTLs exists at deeper levels of the medulla. In Psammomys and mouse, most long DTLs at the beginning of the inner medulla consist of type 2 epithelia (53), whereas in the rat most DTLs at this level are lined with type 3 epithelia (130). The transition from type 2 to type 3 DTL occurs relatively abruptly (16, 130) . The transition from type 2 to type 3 segments corresponds to the transition between AQP1-positive and AQP1-negative segments, as discussed below in this section. Type 4 epithelia are found in the prebend segment that lies at the terminal portion of the descending segment and in the entire ATL.
In nearly all species that have been investigated to date, the long-looped DTL terminates with a prebend segment that has ultrastructural characteristics of the ATL. Prebend segments with these characteristics have a mean length of about 700 m in the mouse (158) and range from about 50 to 140 m in the Sprague-Dawley rat (130) and from 0 to 140 m in rabbit (54) . In the Munich-Wistar rat, the length of expression of the Cl channel ClC-K1 along the prebend in the outer inner medullary zone is about 190 m, whereas in the kangaroo rat the length of ClC-K1 expression is only about 100 m (144). In the chinchilla, a unique papillary segment beginning Յ2,000 m before the bend and terminating some distance after the bend is morphologically distinct from the ATL (17) . A segment exhibiting some similarity to the chinchilla papillary segment is considered to be present in the desert sand rat Psammomys (7, 17) , a species that can produce a urine having a maximal osmolality similar to that of the mouse and chinchilla (about 6,000 mosmol/kgH 2 O) (8) .
In most species, the bends of long-loop nephrons resemble U-shaped hairpin bends. However, in the terminal 500-m region of the Munich-Wistar rat papilla, some loop bends exhibit 5-to 10-fold greater transverse length than the average transverse length of hairpin bends (106) .
DTLs that express undetectable AQP1 in their inner medullary segments and reach to no more than about 1 mm into the Munich-Wistar rat inner medulla lie at the periphery of CD . Segmentation of rat thin limbs of the loop of Henle. The short-loop nephron (right, belonging to a superficial glomerulus) has a DTL (pars recta of proximal tubule; hatched), a DTL (turning back near the outer medullary-inner medullary boundary), and a thick ascending limb (cross-hatched), which passes into the distal convoluted tubule a short distance beyond the macula densa (shown in black). The long-loop nephron (second from right, belonging to a juxtamedullary glomerulus) contains a DTL subdivided into two parts, type 2 and type 3 epithelium; and an ATL, type 4 epithelium; the bend is located in the inner medulla. Two additional long-loop nephrons (incompletely drawn) demonstrate heterogeneity among long-loop nephrons, which turn back at different levels within the inner medulla. Numbers 1-4 refer to type of epithelium encountered in corresponding thin limb part: type 1, DTL of short loops; type 2, upper part of DTL of long loops; type 3, lower part of DTL of long loops; type 4 (beginning short distance before bend), ATL. WGA, wheat germ agglutinin. clusters in transverse sections (108) (Fig. 2) . Loops of the Munich-Wistar rat kidney that reach more than 1 mm into the inner medulla label for AQP1 only in the upper 40% of their DTLs; the lower 60% does not express detectable AQP1. In contrast, loops of Henle from the kangaroo rat that make their bends at depths equal to those of the Munich-Wistar rat, label for AQP1 in the upper 60 -70% of their DTLs. This suggests that loops of the kangaroo rat have a proportionately longer water-permeable epithelium than those of the Munich-Wistar rat (Fig. 7) . Whether this reflects merely an anatomical distinction, possibly related to the longer papillary length, or, on the contrary, leads to significant functional impact is not clear. In any case, the greater length of AQP1 expression in the kangaroo rat DTL could permit osmotic equilibration between the luminal and interstitial fluids for a longer length of each loop, possibly leading to greater luminal solute concentration (144) . Detectable AQP1 levels are relatively low in all DTL segments in the final 2.0 -2.5 mm of the rat, kangaroo rat, and chinchilla inner medulla (Fig. 8) (17, 106, 144 ). Apparently, a lower density of AQP1 water channels is involved in osmotic equilibration between DTL luminal fluid and interstitial fluid in the type 3 AQP1-negative segments. It is possible that osmotic equilibration requires very low water flux in the deepest DTL segments due to abundant solute secretion in this region (90, 111) . Solute secretion potentially leads to elevation of luminal NaCl concentrations sufficiently high to enable NaCl reabsorption by the deepest ATL segments (73, 77) .
The transition from the DTL of short-loop nephrons to the thick ascending limb (TAL) occurs before or after the loop bend, following species-dependent patterns (2, 53, 158) . The transition from ATL of long-loop nephrons to TAL occurs fairly abruptly at the outer medullary-inner medullary boundary in most species (53) , and in fact, this transition defines the outer medullary-inner medullary boundary. The TAL of the inner stripe is morphologically distinct from the TAL of the outer stripe and cortex, exhibiting greater cell height, more abundant mitochondria, and deeper and more extensive and complex invaginations of the basal plasmalemma (64) .
The outer medullary interstitial fluid osmolality is raised by NaCl reabsorption from the TAL. This NaCl reabsorption occurs by way of secondary active transport at the apical membrane, chiefly by NKCC2, and active transport at the basolateral membrane by Na-K-ATPase (95) . TALs of the inner stripe of rat kidney exhibit greater Na-K-ATPase activity than those of the outer stripe and cortex (29) , and vasopressin increases NaCl reabsorption in the medullary but not cortical TAL (35) . An outer medullary-inner medullary mathematical model of the UCM predicts that a higher active transport rate in TAL of the inner stripe, relative to that of the outer stripe, can produce a higher urine osmolality for a given energy cost (72) . Mitochondria occupy a greater percentage of medullary TAL cell volume in smaller mammals, and mitochondria are more densely packed with cristae (1). It is therefore reasonable to hypothesize that the greater concentrating capability of some smaller animals such as some desert rodents may arise, in part, from greater TAL Na-K-ATPase activity.
Collecting ducts. CDs descend through the outer medulla largely as unbranched segments. In the inner medulla, near the outer medullary-inner medullary boundary, CDs begin to coalesce, becoming larger in diameter in their descent. In the rat about 7,000 CDs enter the inner medulla (99, 124) and, in the Munich Wistar rat, just prior to their forming the ducts of Bellini where CD fluid exits the kidney, have coalesced variably into about 10 -15 CDs (106).
The outer medullary CDs consist of two cell types, intercalated and principal cells. The inner medullary CDs of the initial one-third of the inner medulla (IMCD1) also consist of intercalated and principal cells (about 10% of IMCD1 cells are intercalated); however, CDs of the terminal two-thirds of the inner medulla (IMCD2 and IMCD3) consist of a structurally and functionally distinct cell type, the IMCD cell (21, 88) . Urea and water permeabilities, and their regulation by vasopressin vary among IMCD1, -2, and -3. A number of reviews focus on the intricacies of rat and mouse CD tubular and cellular functionality (11, 27) .
Vasa recta. The renal medulla is perfused by blood vessels called vasa recta. Vasa recta consist of two types: those with a continuous endothelium (DVR) and those with a discontinuous, fenestrated, endothelium (AVR). Vasa recta arise from efferent arterioles of juxtamedullary glomeruli. The efferent arterioles enter the medulla, where they give rise to the DVR. DVR descend a distance before giving rise to the AVR, which then ascend through the medulla. The DVR are defined by the absence of the one to three layers of smooth muscle cells (containing smooth muscle ␣-actin) in the efferent arteriole wall (101) . There is a gradual transition along the vessel to a point where pericytes completely replace the smooth muscle cells. This point also corresponds to the loss of accompanying nerves, which are then absent throughout the deeper medulla. The DVR express the urea transporter UT-B; the water channel AQP1 is expressed in apical and basolateral membranes of some, but not all, DVR (see Water and urea transport in the descending and ascending vasa recta).
In AVR, the endothelial fenestrae in the Sprague-Dawley rat measure 500 to 800 Å in diameter and are bridged by single, electron-dense membranes, or diaphragms, that are ϳ40 Å thick and 65.4 nm in diameter (86, 128) . Fenestrae are arranged in plaques with a mean interfenestral distance of about 115 nm (at 1,800 m above the papilla tip). The protein PV-1 is expressed in the fenestral diaphragm (135) . The fenestrae of medullary AVR are considered to have very high permeability to water and small solutes as shown for fenestrae of vessels in other tissues (87, 93, 101, 102) . A type of AVR commonly referred to as "interconnecting" or "communicating" capillaries exhibits no known structural or functional distinctions but is considered to be a population of vessels carrying plasma in an ascending direction that is spatially resolved from nonbranching vessels (101) .
DVR and AVR exhibit little or no branching, whereas interconnecting capillaries generally exhibit repeated branching, thereby forming sparse networks (94, 101, 120) . All of the DVR carry blood in a descending direction, and AVR and interconnecting (fenestrated) capillaries are generally considered to carry blood in an ascending direction. However, functional studies of Zimmerhackl and colleagues (160) suggested that 10 -15% of Munich-Wistar rat DVR are fenestrated segments that carry blood in a descending direction. This was confirmed with three-dimensional reconstructions that showed for the outer zone of the Munich-Wistar rat inner medulla that all DVR have a terminal fenestrated (PV-1-positive) segment that partially overlaps with the UT-B-positive segment. This fenestrated segment descends a distance equal to about 15% of the length of the connecting UT-B-positive DVR (156) .
The DVR descend through the outer and inner medulla and terminate at all levels of the medulla. Each terminal DVR feeds into one or several interconnecting capillary networks (branching AVR) that ascend and undergo extensive branching (55, 94, 120) . These capillaries join with capillaries that arise from the termini of other DVR. The DVR, collectively, thus feed into a complex network of capillaries, also referred to as the vascular plexus. Distinct capillary plexuses of the outer medulla arise chiefly from DVR terminating in the outer medulla; capillary plexuses of the inner medulla arise from DVR terminating in the inner medulla (94, 120) . Outer medullary plexuses are significantly denser than the sparse plexuses of the inner medulla.
In the outer medulla, the capillary plexuses lie in the interbundle region. In the inner medulla, the capillary plexuses lie in the intracluster region where they form close physical associations with the CDs (see Inner Medullary Interstitial Microdomains). At various levels, interconnecting capillaries of the plexuses join AVR that are grouped with DVR in vascular bundles. These AVR then ascend along the corticopapillary axis. The dominant pathway for AVR flow from the inner medulla into the outer medulla occurs via the vascular bundles; however, a fraction of inner medullary capillaries exit directly into the interbundle region (55, 94) .
Water and Urea Transport Proteins of the Renal Medulla
Several key membrane proteins of medullary nephrons and blood vessels that are involved with transepithelial fluid and urea flux have been cloned and expressed in heterologous systems. These proteins include members of the aquaporin water channel and UT urea transporter families (113, 155) . Medullary aquaporins that are associated with the UCM include AQP1, AQP2, AQP3, and AQP4. The urea transporters include UT-A1, UT-A2, UT-A3, and UT-B. Medullary nephrons in which these transporters are expressed are shown in Fig. 9 . Additional isoforms for both protein families are expressed in renal and nonrenal tissue (96, 122) ; these are not discussed further. Functional studies of these proteins have provided some important insights into long-standing, but poorly understood, issues of nephron and vessel function related to the UCM of rat and mouse.
Water Channels Aquaporin 1. A specific pathway for transmural osmotic water flux in DTLs and DVR was identified with the cloning of the first water channel AQP1 (reviewed in Ref. 96 ). In the short-loop DTLs of the rat and mouse this constitutively active water channel is weakly expressed in both apical and basolateral plasma membranes but only along the initial 10% immediately subsequent to the proximal tubule (159) . In contrast, it is abundantly expressed in cells of long-loop DTLs, also in both the apical and basolateral plasma membranes (97), consistent with a role for AQP1 in the movement of water across both surfaces of the cells.
Cells of the type 2 DTL epithelium express a high density of intramembranous particles (IMPs) in the apical and basolateral membranes of thin limb segments from Wistar rat kidney (39) and Sprague-Dawley rat kidney (129) . Freeze-fracture electron microscopy studies of rat and mouse kidney have shown that the IMPs in inner medullary long-loop DTLs are predominantly AQP1 water channels (19, 146) . The density of IMPs in DTLs extending through the outer medulla and into the initial third of the inner medulla is quantitatively greater than the density of IMPs in DTLs from the lower two-thirds of the inner medulla (130) . The density of IMPs in DTLs from the lower two-thirds of inner medullary DTLs is quantitatively similar to the density of inner medullary ATL IMPs. These studies are consistent with a significant reduction in abundance of water channels in the lower two-thirds of inner medullary DTLs. In the ATL, IMPs likely reflect expression of proteins unrelated to AQP1 (146) . Intramembranous particles are also abundant in plasma membranes of DVR endothelial plasma membranes and sparse in AVR (128) . Some of these particles represent AQP1 water channels in DVR, as well as other proteins in both DVR and AVR.
Aquaporin 2. AQP2 is expressed in the apical and basolateral membranes and in subapical vesicles of medullary CDs. Similar patterns of AQP2 expression in medullary CDs are seen in kidneys of rats and mice (26, 96) , chinchilla (T. L. Pannabecker, unpublished), kangaroo rat (48, 144) , musk shrew (89) , and degus (10) . Vasopressin regulates total AQP2 protein abundance within the cell and polarized protein targeting to the plasma membrane (11) . In the short term, elevated vasopressin leads to protein sorting from endosomes to apical membrane, whereas in the longer term, elevated vasopressin leads to greater abundance of total AQP2 protein within the cell.
Hypertonicity can influence preferential targeting of AQP2 to either basolateral or apical membrane in the rat. After in vitro or in vivo exposure to pericellular hypertonic media, vasopressin increased the basolateral-to-apical AQP2 protein expression ratio in the CDs of the outer zone of the inner medulla (145) . The physiological implications of an increased basolateral-to-apical expression ratio are poorly understood; however, recent studies suggest that AQP2 is constitutively sorted to the basolateral membrane and, following vasopressin treatment, is sorted to the apical membrane (157) . In the context of hydration-dehydration cycles, the hydropenic kidney reabsorbs its greatest proportion of filtered fluid in CDs that lie outside of the inner medulla. The relative significance of inner medullary CD basolateral and apical AQP2 expression (and membrane fluid permeabilities) in the process of transepithelial water flows needs clarification. Whether or not, and which genomic modifications occur in response to hypertonicity, and that modify vasopressin-regulated AQP2 targeting in medullary CDs are not known. As AQP2 is the dominant water transport pathway in the CD, investigations into variable AQP2 regulatory pathways among species with high inner medullary interstitial osmolality and high urine-concentrating capacity may provide clues to the overall physiological roles of AQP2 membrane sorting.
Aquaporin 3 and aquaporin 4. AQP4 protein is expressed in the S3 segment of proximal tubules of the mouse but not in rat proximal tubules (38) . AQP4 protein is also absent in proximal tubules of kangaroo rat and musk shrew (38, 89) ; although it is expressed in the basolateral membrane of medullary CDs of the rat and mouse (26, 96) and musk shrew (89) . On the other hand, AQP4 protein is absent from the inner medullary CD of the kangaroo rat (Dipodomys merriami) (38) . Although AQP4 mRNA is expressed in the CD of the kangaroo rat, there is complete absence of protein expression, indicating that protein expression of AQP4 in the kangaroo rat CD varies at the transcriptional or translational level.
In the mouse and rat, AQP4 is considered to be the principal basolateral membrane pathway for CD water flux. The isolated initial IMCD from the AQP4 knockout mouse exhibits a fourfold reduction in transepithelial water permeability (in vitro) compared with that of the wild type (both with 100 pM peritubular vasopressin) (20) . On the other hand, with ad-lib water access in vivo, urine osmolality is no different between wild type and AQP4 knockout, and only a mild urine-concentrating defect (ϳ20% below that of the wild type) occurs after 36 h water deprivation (with or without intraperitoneal DDAVP) (85) . Thus a relatively large reduction in IMCD transepithelial water permeability appears to have a relatively minor effect on overall in vivo urine-concentrating ability. These data suggest that AQP4 is a relatively unimportant player in the UCM. Possibly another aquaporin, such as AQP3, plays a proportionately greater role in transepithelial water flux of kangaroo rat CDs (38) .
Urea Transporters
UT-A1 and UT-A3. Studies have shown UT-A1 and UT-A3 protein expression in the cytoplasm and apical membrane of the IMCD of the rat (9, 98, 140) and UT-A3 protein expression in the basolateral membrane of the rat (9) and mouse (137) . UT-A1 and UT-A3 IMCD expression varies with dietary protein levels, so species-dependent expression may follow patterns that reflect diet and habitat. The crystal structure of a bacterial homologue of the mammalian UT-A1 and UT-A3 channels shows that the urea transporter operates by a channellike mechanism that exhibits selective permeation consistent with that of UT urea transporters (82) . The slot-like structure at the opening of the protein pore is considered to serve as a selectivity barrier to permeation.
The distribution of UT-A1 and UT-A3 throughout the renal medulla, the short-and long-term regulation of their expression and function, and their roles in the UCM are the focus of many recent reviews (6, 26, 121, 122) and are not discussed further.
UT-A2. In the kidney, the urea transporter UT-A2 is expressed only in the DTL. Expression of mRNA for UT-A2 was observed in the lower portion of type 1 epithelia of the Sprague-Dawley rat short-loop DTL and in the long-loop DTL (131) . The abundance of the UT-A2 transcript is increased in Sprague-Dawley rats in response to water restriction (132) and is increased in Brattleboro rats (a strain with impaired vasopressin synthesis and release) by dDAVP infusion (114) .
Strong immunohistochemical labeling for UT-A2 protein was observed in the apical and basolateral plasma membranes, as well as the cytoplasm of the lower portion of type 1 epithelia of the rat short-loop DTL. Weak labeling was observed in the outer and inner medullary segments of rat long-loop DTLs close to the outer medullary-inner medullary boundary (56, 83, 98, 148) . UT-A2 is also expressed in the mouse short-loop and long-loop DTL (28, 148) and is expressed in the kangaroo rat short DTL (T. L. Pannabecker, unpublished observations).
In Brattleboro rats, UT-A2 antibody labels the lower portion of descending limbs from short-loop nephrons, and this labeling is increased in response to treatment with the vasopressin analog dDAVP (148) . Increased labeling with dDAVP administration is also seen in Brattleboro rat descending limbs of long-loop nephrons near the outer medullary-inner medullary boundary. Tissue levels of total UT-A2 protein, both in the outer and inner medulla, were increased with dDAVP infusion, as determined with immunoblotting. Further studies are needed to determine whether the increased levels of UT-A2 expression with dDAVP reflect an increased length of expression along the entire tubule axis. Water restriction for 3 days increased UT-A2 immunoreactivity intensities in the plasma membrane and cytoplasm of rat loop of Henle in the initial inner medulla, and UT-A2 expression decreased in hydrated rats given 3% sucrose in water for 3 days (83) and in rats treated with furosemide for up to 7 days (81). These studies suggested that changes in hydration status over a 3-to 7-day period can affect urea transporter protein expression without changing its subcellular distribution.
UT-B. In the kidney, UT-B is expressed only in the medullary DVR endothelial cells (115, 143) . Urea countercurrent exchange between the highly fenestrated AVR and the DVR is considered important for cycling urea into the inner medulla (6). The mild urine-concentrating effect seen in the UT-B knockout mouse indicates a role for UT-B in the UCM (57, 153) .
Water and Urea Transport in Medullary Nephrons and Blood Vessels
Water and urea transport in the loops of Henle. In all thin limb segments, transepithelial flux of major solutes is generally considered to occur primarily by diffusion. There is very little evidence that active transport contributes to substantial, transcellular solute flux in any of the thin limbs of the loop of Henle (15, 40, 43, 138) .
Short DTLs (type 1) of the hamster were reported to have substantial water permeability in the single published study of short loop water permeability (42) . However, in this study Imai and colleagues acknowledged the possibility of failing to distinguish between types 1 and 2 segments, so the high water permeability values of short loop DTLs may be significantly lower than those reported from that study. The absence of detectable AQP1 in short loop DTLs of the mouse, rat, and human, determined with immunohistochemistry (159), as well as a low but significant osmotic water permeability in longloop DTLs of AQP1 knockout mice (discussed below), suggest the possible existence of alternative pathways for transepithelial water flux.
The water permeability of type 1 segments is lower than the very high permeabilities measured in segments of the longloop DTL upper (type 2) from the hamster (41, 42, (45) (46) (47) , rabbit (62) , chinchilla (16), rat (22, 40) , and mouse (19) . The osmotic water permeability along the axis of long-loop DTLs declines significantly with increased depth below the outer medullary-inner medullary boundary in the rat and chinchilla, the only species for which measurements are available for both upper and lower DTL segments.
The long-loop DTLs are functionally heterogeneous; tubule segments composed of cells with structural characteristics typical of types 2 and 3 epithelia exhibit high and low osmotic water permeability, respectively, in the chinchilla (17) . In the Munich-Wistar rat, high and low osmotic permeability correlate with the presence and absence of AQP1 protein expression, respectively (22, 105, 108) . Chinchilla DTLs have an additional papillary segment intervening between types 3 and 4 (17) . The water permeability of isolated, perfused papillary type thin limbs of chinchilla exhibit very low but nonzero water permeability (68 Ϯ 9 m/s). Variations in the imposed osmotic driving force in isolated tubule experiments (at least within the range of several hundred mosmol/kgH 2 O) do not significantly alter the very low fluid permeability from DTLs of the deep papilla of chinchilla (16) .
It has been shown for the moderately antidiuretic rat and hamster that luminal fluid at the bend of the loops that lie near the tip of the papilla is in approximate osmotic equilibrium with capillary fluid (31, 51, 91, 92, 112) and therefore is likely in equilibrium with interstitial fluid. Transepithelial water permeability data for the rat, hamster, and chinchilla thin limbs suggest that osmotic equilibration by water flux could occur by relatively high volume flux in the upper DTL. In contrast, for the lower DTL, studies with the rat and chinchilla suggest that if osmotic equilibration occurs at all, it involves relatively little volume flux. Equilibration may therefore occur by solute flux, to varying degrees, in both the upper and lower DTL of the rat, hamster, chinchilla, and Psammomys. A role for solute secretion has been captured in mathematical models of the UCM (77) . The collective histotopography of inner medullary AQP1-positive DTLs, on one hand, and AQP1-negative DTLs on the other, and their different water permeabilities are likely related to distinct contributions of these segments to production of the axial osmotic gradient of the inner medulla (76) .
ATLs from all mammalian species investigated have repeatedly been shown to have little or no transepithelial osmotic water permeability (16, 22, 40, 43, 84, 154) and lack plasma membrane expression of any of the known aquaporins (96) .
Micropuncture studies have shown a large net secretion of urea into rat and hamster short-loop and long-loop DTLs (70, 90, 111) . The UT-A2 urea transporter is one likely pathway for urea secretion into the DTL, at least for those DTL segments lying near the outer medullary-inner medullary boundary. The combination of low transepithelial water permeability and significant transepithelial urea permeability in the terminal portions of DTLs of short-loop nephrons have been shown to support urea cycling in mathematical models of the UCM (75) .
In the Munich-Wistar rat (25) and chinchilla (15, 16) longloop DTL, urea permeability increases with increasing depth below the outer medullary-inner medullary boundary, qualitatively opposite to the axial decline in water permeability. These transepithelial urea fluxes in inner medullary DTL segments appear to be nonsaturable and are not inhibited by phloretin, and therefore are unlikely to be mediated by any of the known phloretin-sensitive renal urea transporters (UT-A1, UT-A2, UT-A3) (122) . Two hypothetical pathways for these urea movements include an unknown urea transporter and/or the paracellular pathway.
The chinchilla ATL (15) and Munich-Wistar rat ATL (25) have been found to have very high transepithelial urea permeabilities, substantially higher than the urea permeabilities published over 30 years ago for ATLs from hamster and rat (40) . As in the DTL, the transepithelial urea fluxes shown to occur in chinchilla ATL are not inhibited by phloretin and therefore are unlikely to be mediated by any of the known phloretinsensitive renal urea transporters. Also, as in the DTL, two hypothetical pathways for these urea movements include an unknown urea transporter and/or the paracellular pathway. The high urea permeability of chinchilla ATL, combined with an even greater NaCl permeability, would enable rapid osmotic equilibration of luminal loop of Henle fluid to occur as fluid ascends toward the outer medulla. Although conforming to the passive mechanism principle that Na reabsorption exceed urea secretion (18) (Fig. 1) , a high urea permeability potentially prevents dilution of ATL luminal fluid. A high ATL urea permeability could therefore oppose buildup of the inner medullary solute gradient if urea flux is secretory. However, if urea is secretory in the lower ATL and reabsorptive in the upper ATL, as has been suggested (150) , then the rapid equilibration could produce a more dilute ATL fluid and more concentrated interstitium, thereby sustaining the medullary axial solute gradient. In any case, the urea passive flux is dependent on the urea concentration in tubular and interstitial compartments and some uncertainty of these concentrations remains.
The TAL consists of a tight epithelium that actively transports NaCl and exhibits very low transepithelial osmotic permeability; thus a dilute luminal fluid is produced by this segment (119) . The TAL cells undergo volume regulation (33, 34, 36) , and AQP1 water channels in the basolateral membrane are believed to play a role in fluid flows associated with volume regulation (14) . The rat and rabbit outer medullary TAL exhibits very low transepithelial urea permeability (58, 118) and expresses no known urea transporters.
Water and urea transport in the collecting duct. Water and urea reabsorption by medullary CDs are key to the UCM. Transepithelial water and urea permeabilities increase at distinct levels below the outer medulla by way of aquaporins and urea transporters that are expressed in the principal cells, as noted above. Intercalated cells are devoid of known channels or transporters for water and urea transport. AQP2 membrane expression levels are considered to be rate limiting for transepithelial water permeability in medullary CDs (96) . Vasopressin acting via the cAMP signaling pathway is the key regulator of CD water and urea permeability. In addition, a number of primary and secondary signaling pathways and extracellular fluid tonicity regulate total aquaporin and urea transporter protein expression levels and polarity within the cell (3, 11, 123) .
High basal levels of plasma vasopressin may contribute to the high basal urine osmolality of desert rodents, possibly through direct effects on water and urea transporter membrane expression levels. Kangaroo rat basal plasma vasopressin concentrations during normal hydration were found to be two-to threefold higher than plasma vasopressin concentrations of Sprague-Dawley rat (134) . Kangaroo rats were also found to exhibit a greater capacity for sustaining elevated plasma vasopressin for prolonged periods.
Water and urea transport in the descending and ascending vasa recta. Osmotic water flow across the medullary DVR endothelium, driven by a NaCl gradient, occurs via the water channel AQP1 (100). Urea flux across the medullary DVR occurs via the urea transporter UTB (101). The AVR have been shown by in vivo micropuncture studies to have very high transendothelial permeabilities to both water and urea. All medullary AVR are highly fenestrated, and these pores are thought to underlie the high fluid and solute permeabilities. All fenestrated vessels of the medulla have a diaphragm; the only known protein associated with the diaphgragm is PV-1 (135) . The terminal segments of the DVR in the inner medulla of MunichWistar rat and kangaroo rat lack expression of AQP1 and UTB, and, in the rat, show positive expression of PV-1 along variable axial distances (156) . These segments are therefore fenestrated and are assumed to be highly permeable to water and all smallmolecular-weight solutes. There have been no studies of isolated, perfused inner medullary vasa recta, so there remains some uncertainty about transendothelial permeabilities (101) .
Most fenestrated vessels exit the inner medulla by way of vascular bundles (101) ; however, in Munich-Wistar rat, inner medullary capillaries (branching AVR) that lie distant from vascular bundles ascend directly from the outer zone of the inner medulla into the inner stripe interbundle region (55) . These capillaries ascend from specialized interstitial compartments or microdomains in the inner medulla (see Inner Medullary Interstitial Microdomains May Serve as Solute Mixing Chambers). Urea may be sequestered within these microdomains (76) , raising the possibility that capillaries exiting these regions could carry significant amounts of urea into the interbundle region of the outer medulla. As noted above, long-loop DTLs of the rat and chinchilla exhibit significant transepithelial (phloretin-insensitive) urea permeability, and, as suggested by modeling studies, the apparent outer medullary transepithelial concentration gradients could support urea secretion into longloop DTLs (76) . Therefore, these segments may serve as countercurrent exchangers with interbundle capillaries. The targeted delivery of urea to outer medullary DTLs, by way of branching AVR that originate in the inner medulla, and subsequent return of urea to the deeper inner medulla, may represent a significant urea recycling pathway (55) .
Most papillary vessels are fenestrated and express PV-1 (86, 106) , although vessels with continuous endothelium do exist in the terminal papilla of rat (128) and kangaroo rat (T. L. Pannabecker, unpublished observations). Whereas all DVR of the rat outer medulla express UT-B, only those of the outer half of the inner medulla express detectable UT-B (56, 106, 156) . Similarly, reduced levels of UT-B are expressed in the inner half of the kangaroo rat inner medulla (T. L. Pannabecker, unpublished observations). Therefore, UTB-mediated countercurrent urea exchange between descending and ascending vessels lying near to each other is a feature primarily of the outer zone of the inner medulla (12, 86, 128) , and it appears that this is limited to regions outside the CD clusters (48, 107) . Solute recycling that occurs between descending and ascending vessels in the inner zone of the IM likely involves primarily fenestrated vessels. Countercurrent exchange between DVR and AVR in the outer zone of the IM may therefore be more selective for urea compared with the inner zone of the IM where it may more permissively include NaCl and urea, though both solutes are exchanged to some degree throughout the IM (101) . Variation in vascular architecture further supports the concept that the inner and outer zones play functionally distinct roles in the urine-concentrating mechanism (109, 110), a concept based, in part, on the gradual disappearance of distinct intracluster and intercluster regions in the inner zone.
Inner Medullary Interstitial Microdomains May Serve as Solute Mixing Chambers
CDs in combination with some of the AVR and ATLs, when viewed in transverse sections, are arranged so as to form interstitial compartments or microdomains (Fig. 10) . In the rat (107) and kangaroo rat (48) , these have been referred to as interstitial nodal spaces (INSs). The INSs are bordered on one side by a CD, on the opposite side by one or more prebend segments or ATLs, and on the other two sides by ascending vasa recta or capillaries. INSs are arrayed at structured intervals throughout the inner medulla, within CD clusters, and could play an important role in generating the corticopapillary osmotic gradient, possibly by serving as compartmentalized solute mixing chambers (74, 76) . The entire length of each prebend and postbend equivalent length ATL segment lies in contact with one or more INSs (103) . Inclusion of NaClpermeable loop bends as components of interstitial nodal spaces may function specifically to raise the osmolality of CD tubular fluid by facilitating the targeted delivery of NaCl from thin limbs to the CD clusters (109) . In so doing, NaCl from thin limbs and urea from CDs preferentially mix together within a defined compartment, in accordance with the Kokko-Rector and Stephenson model of urine concentration as described in the INTRODUCTION (63, 136) . Reabsorbed solutes may be carried to higher levels at which point they may diffuse into INS compartments that are more dilute and provide a concentrating effect that leads to water reabsorption at progressively higher levels.
Perspectives and Significance
Advanced understanding of structural and functional diversity of renal water channel and urea transporter expression, and of water and urea membrane permeabilities of nephron and vascular segments in a greater variety of species will widen our understanding of the UCM. This may also lead to better understanding of the diverse regulatory mechanisms associated with water channel and urea transporter function and the ways Fig. 10 . Ultrastructure of interstitial nodal spaces in a transverse ultrathin section from kangaroo rat inner medulla. A: interstitial nodal spaces are marked with an X. Fenestrated blood vessels (AVR) are marked with asterisks. B: magnification of boxed area in A. Black arrow identifies fenestrations of AVR endothelium. An interstitial cell containing lipid droplets (white arrows) lies juxtaposed with the AVR and CD. Section is from midway between the outer medullaryinner medullary boundary and papilla tip. Scale bars, 10 m (A); 500 nm (B). From Issaian et al. (48) .
in which the urine-concentrating mechanism is tied in with nonrenal functions. In vivo studies have highlighted the efficiency of the spiny mouse kidney in filtering and excreting very high concentrations of NaCl, relative to C57BL/6 mouse (24). To accomplish this, the C57BL/6 mouse requires larger volumes of water, suggesting that species-specific AQP regulation mechanisms are involved. These and other studies are contributing to the understanding that, even among those species with high urine-concentrating capability, there may be significantly different mechanisms associated with concentrating and diluting urine (23, 30, 139) .
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